The capacities of lipopolysaccharide (LPS) and lipid A to trigger mouse BALB/c peritoneal macrophages and to induce the production of cell-associated interleukin-1 (IL-1) and membrane-associated IL-1 and IL-1 release have been compared. Bordetella pertussis lipid A was 1,000 to 10,000 times less efficient than the native LPS to induce IL-1 release by freshly isolated elicited macrophages. When resident macrophages were studied, lipid A, at high concentrations (>2 p.g/ml), induced significant levels of cell-associated IL-1 but little or no IL-1 release. With synthetic lipid A built up with the Escherichia coli lipid A structure (compound 506), IL-1 activity was present in the supernatants of elicited peritoneal macrophages and to a lesser extent in those of resident macrophages. However, the release of IL-1 induced by synthetic lipid A 506 remained much lower than those induced by rough LPS. Membrane-associated IL-1 could be induced on BALB/c macrophages with LPS and natural or synthetic lipid A, the LPS being the most active. In C3H/HeJ mice, neither natural nor synthetic lipid A could induce detectable cell-associated IL-1, whereas LPS could induce cell-associated and membrane IL-1 activity but no IL-1 release. Our results indicate that fragments of endotoxins may induce the production of IL-1 but the entire structure of the LPS molecule is the most effective to induce intracellular IL-1 production, expression of membrane IL-1, and release of IL-1.
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Lipopolysaccharides (LPSs) from a variety of gram-negative bacteria are potent molecules that elicit in animals typical responses which are most often mediated through the induction of host mediators such as interleukin-1 (IL-1) and/or tumor necrosis factor (TNFa). These responses include induction of inflammation (12, 33) , Shwartzman reaction (4, 32) , fever (14, 15, 34) , antitumor effects (16, 17, 37) , radioprotection (35, 46) , adjuvanticity (31, 42) , binding of lymphocytes to endothelial cells (11, 48) , etc. The capacity of LPS to induce IL-1 release by macrophages has been known since 1972 (18) , but both the structural determinants of the endotoxin molecule involved in IL-1 induction and the mechanism of LPS-induced IL-1 synthesis and release are still uncompletely resolved. Most of the LPS activities have been shown to be mediated by its hydrophobic region, termed lipid A (39), but we have shown that the production of IL-1 by human monocytes resulted from the interaction of the endotoxin via its polysaccharide moiety with specific binding sites present on membranes (7, 19) . IL-1 release can be promoted by the polysaccharide moieties of Bordetella pertussis (20) and Neisseria meningitidis (8) LPS as well as by a trisaccharide derived from Salmonella rough LPS, containing at the reducing end a 2-keto-3-deoxy-D-mannooctulosonic acid residue (29) . Two regions of LPS have been highly conserved during evolution: the lipid A and the inner core region. The inner core region constitutes a domain of very limited structural diversity consisting mainly of heptose and 2-keto-3-deoxy-D-manno-octulosonic acid residues (40) . The lipid A may vary according to its fatty acid content, although it expresses a similar backbone consisting of a B-D-glucosaminyl-(1'-6)a-D-glucosamine disaccharide that is phosphorylated in position 4' of the distal glucosaminyl residue and in position 1 of the reducing glucosaminyl * Corresponding author.
residue (36, 39) . The phosphoryl groups may be either free or substituted by nonacylated substituents. In the present study we report that in resident mouse peritoneal macrophages, lipid A induced significant amounts of cell-associated IL-1 but no or very low amounts of IL-1 release as compared with LPS; the release is increased in thioglycolate-elicited peritoneal macrophages. Synthetic and natural lipid A induce the production of membrane-associated IL-1. Elicited macrophages from C3H/HeJ mice cultured in the presence of LPS produced intracellular and membrane IL-1 activity but no IL-1 release. Neither synthetic nor natural lipid A could induce any IL-1 production of cells from C3H/HeJ.
MATERIALS AND METHODS
Chemicals. The LPSs used in this study were extracted by the procedure of Westphal et al. (47) . B. pertussis LPS was prepared as previously described (20) ; Salmonella minnesota phosphateless rough mutant Rd2 strain R4 (44) (10) showed that the per well in 0.5 ml of RPMI 1640. After incubation for 1.5 h at 37°C, cells were washed vigorously, and adherent cells (90 to 98% nonspecific esterase-positive macrophages) were further cultured for 24 h at 37°C in an incubator (7% C02, 93% air), in 0.5 ml of RPMI 1640 without serum per well, in the presence of IL-1 inducers and indomethacin (1 ,ug/ml; Sigma) to avoid possible interference with prostaglandin production. Elicited macrophages were prepared as described above from mice injected intraperitoneally with 1.5 ml of thioglycolate medium (1 ng of endotoxins per ml as judged by the Limulus assay; Diagnostic Pasteur, France) 5 days before animal sacrifice. The viability of freshly isolated macrophages and macrophages cultured in the presence of the various stimuli (up to 50 jig/ml) was higher than 98%.
Cell culture supernatants containing released IL-1 and supernatants of cell lysates containing intracellular cellassociated IL-1 (three cycles of freeze-thawing in 0.5 ml of RPMI 1640 were performed with cell monolayers) were tested for IL-1 activity (final dilution, 1:10) by using the classical comitogenic assay performed with C3H/HeJ mouse thymocytes in the presence of suboptimal doses of concanavalin A (20) . The final dilutions of the supernatants (1:10) correspond to the most significant values within the titration curves.
Induction and measurement of macrophage membrane IL-1. Induction and measurement of macrophage membrane IL-1 were carried out as described by Bahr et al. (2) . Briefly, cultures were set up at 1.25 x 105 macrophages per well in 96-well tissue culture plates. After washings the cells were stimulated with different IL-1 inducers for 24 h in 0.2 ml of RPMI 1640 containing 1 ,ug of indomethacin per ml. After the stimulation period, the adherent cells were washed and then fixed for 15 min with 1% paraformaldehyde in RPMI. The cells were washed again and maintained for 24 h in 200 ,ul of RPMI 1640 at 37°C, and the thymocyte assay was performed directly in the 96-well plates.
RESULTS
Induction of IL-1 by B. pertussis LPS and lipid A derived therefrom. Freshly isolated thioglycolate-elicited mouse peritoneal macrophages were incubated for 24 h with increasing concentrations of B. pertussis LPS and the lipid A isolated therefrom. Cell-associated and released IL-1 activities were assessed by using the murine comitogenic thymocyte assay (Fig. 1) . Cell-associated IL-1 activity was present within freshly isolated elicited BALB/c macrophages triggered for 24 h with low amounts of LPS (200 pg/ml); higher amounts (2 ng/ml) were required to trigger IL-1 release. Freshly isolated elicited macrophages could release a significant IL-1 activity upon lipid A stimulation; however, a 10,000-fold higher amount of purified lipid A (20 p,g/ml) was necessary to lead to an IL-1 activity in the cell supernatant that was similar to that obtained with LPS (2 ng/ml).
IL-1 production by resident and elicited BALB/c macrophages was compared by using maximal concentrations of LPS or lipid A (20 ,ug/ml). High concentrations of lipid A induced release of IL-1 by elicited macrophages but not by resident macrophages (Fig. 2) (Fig. 3) . When compared with the previous results obtained with natural B. pertussis lipid A (Fig. 1) , the synthetic compound was more potent in its capacity to induce IL-1 release by elicited macrophages, but the induction of intracellular IL-1 was similar (data not shown).
However, compound 506 was less active than rough LPS F515 containing lipid A and 2-keto-3-deoxy-D-manno-octulosonic acid residues. A moderate but significant IL-1 release was observed with resident macrophages triggered by synthetic lipid A (Fig. 3A) .
The capacities to induce membrane-associated IL-1 by different LPSs and lipid A were compared. Spontaneous membrane IL-1 activity was found on fixed freshly isolated macrophages but was absent on fixed, unstimulated macrophages cultured for 24 h. The LPS-induced membrane IL-1 activity was maximum after 24 h of culture and remained constant up to 72 h of stimulation. B. pertussis LPS was 100-fold more active than its homologous lipid A, and rough E. coli F515 LPS was also 100-fold more active than the synthetic E. coli lipid A (compound 506) (Fig. 4) (20 , ugIml) induced similar cell-associated IL-1 activities. Synthetic diphosphoryl hexaacyl lipid A (compound 506), built up like the native E. coli lipid A, led to IL-1 release by both macrophage populations, but the release was higher when thioglycolateelicited macrophages were used. The synthetic compound 506 was more potent than the B. pertussis lipid A in stimulating the release of IL-1 from elicited murine macrophages. This difference might be due to the presence of different numbers of fatty acids within the natural B. pertussis lipid A (pentaacyl compound) and the synthetic lipid A (hexaacyl compound). Indeed, Loppnow et al. (30) reported that the IL-1-stimulating capacity of synthetic lipid A derivatives is optimally expressed by hexaacyl compounds, whereas tetraacyl precursors are inactive.
Weak IL-1 activity detected in the supernatants of macrophages triggered by lipid A was not due to the presence of IL-1 inhibitor(s), since these supernatants did not diminish the proliferation of thymocytes cultured in the presence of standard IL-1 and concanavalin A (data not shown). LPS and lipid A are able to trigger prostaglandin release by murine macrophages (27) , and prostaglandins have been shown to both down-regulate IL-1 production (24) and inhibit thymocyte proliferation (22) . The low capacity of lipid A to trigger IL-1 release was not due to a negative feedback control mediated by prostaglandins released during the culture period, since the addition of indomethacin did not increase the lipid A activity significantly (data not shown). The possibility that lipid A induced the release of biologically inactive pro-IL-1 is under investigation.
Our results are in agreement with those obtained by Takahashi (3, 13, 25) showed that the phagocytosis of such liposomes does not lead to IL-1 release, indicating that when the interaction of LPS with the cell membrane is prevented, signals leading to IL-1 release are blocked. These results corroborate our hypothesis (19) that the interaction of the LPS via its polysaccharide moiety with the LPS receptor present on the membrane is a prerequisite for the induction of IL-1 release. However, this event is followed by other signals, since C3H/HeJ mouse macrophages that express a specific binding site for LPS (21) are able to produce intracellular and membrane IL-1 activities but fail to release a significant amount of IL-1 upon LPS stimulation. Dissociation between the presence of intracellular IL-1 activity and the ability of cells to release IL-1 has been documented elsewhere: human monocytes triggered by very low doses of LPS produce intracellular IL-1 but do not release it (9); E. coli LPS-triggered breast milk macrophages produced cell-associated IL-1 but did not release it (43) ; and quinolones inhibited IL-1 release by LPS-stimulated monocytes but did not affect the presence of intracellular IL-1 (40a).
The regulation of the transcription, processing of the pro-IL-1, and signals involved in IL-1 secretion remain to be solved. Analyses of direct effects of LPS and lipid A on IL-la and i gene stimulation and regulation are under investigation. 
